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Abstract 

The role of Ca 2+ in volume regulation remains obscure. Before it can be investi¬ 
gated, however, the time courses of osmolyte and cell volume regulation and the 
effect of Ca 24 must be simultaneously specified in a suitable cell type. We have tested 
the red blood cells of Noetia ponderosa in that context. Our results show that the 
regulation of cell volume of the erythrocytes following hypoosmotic stress has two 
components. The first is an efflux of intracellular K + and Cl (but not Na + ) that 
begins immediately with the onset of hypoosmotic exposure. The second component, 
an efflux of taurine, follows the first, but only after many minutes. In addition, clam 
erythrocyte volume regulation is dependent on external [Ca 24 ]. Volume recovery is 
potentiated in hypoosmotic media containing elevated Ca 2+ levels. Taurine efflux 
from clam erythrocytes in hypoosmotic conditions is reduced in Ca 2+ -free media and 
potentiated in high Ca 2+ media. In contrast, the effluxes of K + and Cl are not sensi¬ 
tive to extracellular Ca 2+ levels in either isosmotic or hypoosmotic media. Thus, the 
effluxes of ionic and organic osmolvtes from these cells are controlled by mechanisms 
that differ in response time and Ca 2+ sensitivity. These results suggest that the clam 
cells have an unexceptional volume regulatory mechanism and should therefore 
make an excellent model with which to study the role of Ca 2+ in that process. 

Introduction 

Cell volume in response to hypoosmotic stress is controlled by regulation of the 
amount of intracellular osmolytes. Cell volume increases rapidly when water enters 
in response to hypoosmotic exposure, but then decreases as an efflux of intracellular 
osmolytes removes osmotically obligated water. 

The cells of marine invertebrates use intracellular free amino acids (FAA, for re¬ 
view see Pierce, 1982) or other small nitrogenous compounds (proline betaine. Pierce 
el al., 1984; glycine betaine, Warren and Pierce, 1982) as osmolytes. In some inverte¬ 
brate cell types, an intracellular inorganic component to cell volume regulation has 
been found in addition to the organic osmolytes (Limitlm myocardium, Warren and 
Pierce, 1982; Glycerci coelomocytes, Costa and Pierce, 1983; Noetia red blood cells. 
Smith and Pierce, 1983; Cancer leg muscle, Moran and Pierce, 1984). The ions (Na + , 
or K + , and Cl”) leave the cell as soon as the hypoosmotic stress begins, and the organic 
efflux follows at a slower rate. 

In addition to the above characteristics, cell volume regulation in response to a 
hypoosmotic stress seems to be affected by external Ca 2+ concentrations (for a review 
see Pierce and Amende, 1981; Pierce, 1982). Generally, when Ca 2+ is reduced or 
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omitted from the medium, cell volume regulation is either blocked or reduced. Free 
[Ca 2+ ]i is too low to exert a substantial osmotic effect. Thus, the role played by Ca 2+ 
in the volume recovery must be either to activate or to regulate the osmolyte efflux 
mechanism. Since understanding that regulatory mechanism is a central issue in cell 
volume regulation, we have begun to investigate the Ca 2+ effects more closely. 

Unfortunately, the characteristics of the volume regulatory mechanism have not 
been examined in sufficient detail in any single cell type to serve as a point of depar¬ 
ture. Therefore we have selected a single cell type, the red blood cell of the bivalve, 
Noetia ponderosa, and have described the entire process of osmolyte regulation dur¬ 
ing the volume response to a hypoosmotic stress on this system. In addition, we have 
determined the effect of [Ca 2+ ] 0 on each step of the process. Our results provide the 
first simultaneous chronology of all the events (ion, amino acid, and volume changes) 
that constitute cell volume recovery from a hypoosmotic stress, including the effects 
of Ca 2+ on that chronology. In addition, the similarity of our results to those from 
other cells indicates that the Noetia cells are a useful model with which to study the 
effects of Ca 2+ further. A preliminary report of this study has been published earlier 
(Smith and Pierce, 1983). 


Materials and Methods 


Preparation of erythrocytes 

N. ponderosa were collected by commercial dredge and maintained as described 
by Amende and Pierce (1980a). 

Blood was collected from the clams at room temperature by forcing the valves 
open and slashing the mantle. The blood was diluted with artificial seawater (ASW, 
935 mosm) made according to Amende and Pierce (1980) and buffered to pH 7.4 
with 5 m M MOPS. The blood was then filtered through polyester wool. The erythro¬ 
cytes were centrifuged twice at 500 X g; the supernatants were discarded and the cells 
were resuspended in ASW between the spins. After the second centrifugation, the 
cells were resuspended in ASW and centrifuged at 3000 X g, and the top layer of 
reproductive and amoebocytic cells was removed by aspiration. The erythrocyte pel¬ 
let was washed twice more and the erythrocytes were then resuspended in approxi¬ 
mately 1 ml of ASW for further use. 

Measurement of cell volume regulation 

Cell volumes of Noetia erythrocytes were measured in isosmotic (935 mosm) and 
hypoosmotic (560 mosm) ASW, or in iso- or hypoosmotic media containing in¬ 
creased Ca 2+ or no Ca 2+ (Table I). Hypoosmotic ASW was made by diluting isosmotic 
ASW with glass distilled water. MOPS was always kept at 5 mA/, and the pH at 7.4. 
The osmotic concentrations of the solutions containing 150 mA/ Ca 2+ were matched 
to the control solutions by reducing the NaCl content. The high Ca 2+ isosmotic solu¬ 
tion was made fresh just before use as follows: first, the chloride salts of Na + , K + , and 
Mg 2+ were dissolved in distilled water in the concentrations indicated in Table 1. 
CaCl 2 was then added to the mixture to produce a final concentration of 150 mA/. 
Finally, predissolved solutions of Mg 2 S0 4 and NaHC0 3 were added very slowly with 
stirring to produce the concentrations of the ions listed in Table I. 

NaCl content was increased to account for the osmotic deficit produced by Ca 2+ 
removal in the Ca 2+ -free ASW. This last solution also contained 1 mA/EGTA. The 
osmotic concentrations of all solutions were determined before use with a vapor pres¬ 
sure osmometer (Wescor, model 5100C). 

Approximately 4.0 X 10 6 washed cells were suspended in each experimental me- 
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Table I 


Ionic composition (in mmoles/liter) of isosmotic artificial seaw aters used as experimental media 


Ion 

Control 

Ca 2+ -Free 

High Ca 2+ 

NaCl 

389.0 

400.1 

249.6 

MgCl 2 

24.4 

24.4 

24.4 

CaCl 2 

9.7 

0 

150.1 

KC1 

9.7 

9.7 

9.7 

MgS0 4 

27.0 

27.0 

27.0 

NaHC0 3 

2.3 

2.3 

2.3 

EGTA 

— 

1.0 

_ 

MOPS 

5.0 

5.0 

5.0 


dium and the distribution of cell volumes in a 10,000 cell aliquot was measured after 
5, 10, 20, 60, and 120 min of exposure to the media using an electronic cell sizer 
(Coulter Counter Model ZB) and Coulter Channelyzer (Coulter Electronics Inc., Hia¬ 
leah, FL) interfaced with an Apple 11+ computer. The time course of erythrocyte 
volume change was measured in both high Ca 2+ hypoosmotic and Ca 2+ -free hypoos- 
motic ASWs following a 30 min preincubation of the cells in 935 mosm ASW con¬ 
taining high Ca 2+ and no Ca 2+ , respectively. 

Mean cell volumes from a given experiment were expressed as a percent of the 
mean cell volume at zero time. The differences in the percent initial cell volume in 
experimental media at all sampling times were tested using analysis of variance and 
the Student-Newman Keuls multiple range test (Steele and Torrie, 1960). P < 0.05 
was considered significant. 


Taurine efflux measurements 

The amino acid efflux from Noetia erythrocytes exposed to hypoosmotic media 
consists primarily of taurine (Amende and Pierce, 1980). In addition, our preliminary 
experiments showed that when a treatment altered the amino acid etllux, the release 
of each amino acid was changed by the same proportion; the effluxes of the amino 
acids were not altered differentially. In particular, taurine always accounted for 60- 
70% of the total FAA efflux regardless of the magnitude of the FAA efflux. Therefore, 
we used taurine to represent amino acid efflux. 

Clam erythrocytes were removed from the animal and prepared as described 
above. The cells were then placed into one of the experimental media. At appropriate 
intervals, aliquots containing 4-7 X 10 6 cells were removed from the experimental 
cell suspension and centrifuged at 5000 X g for 10 min. The taurine content of the 
supernatant was then determined as follows. An equal volume of 80% ethanol was 
added to the supernatant and the solution was placed into a boiling water bath for 20 
min. Precipitated protein was removed by centrifugation at 25,000 X g for 20 min. 
The supernatant was then lyophilized, the residue taken up in 0.2 N lithium citrate 
buffer, pH 2.2, and the taurine content measured with an amino acid analyzer (JEOL 
JLC-6AH). The cell number in three 15-20 g\ aliquots from each cell suspension was 
counted three times with the Coulter Counter and averaged to express the taurine 
levels in terms of cell number. 

Significant differences in taurine efflux were determined by analysis of variance 
and the Student-Newman Kuels multiple range test. 
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Intracellular K + , Na + , and Cl 

Erythrocytes were isolated as described above, and 10-20 X 10 6 cells were sus¬ 
pended in isosmotic media. Six 0.2 ml aliquots (approximately 1-8 X 10 6 cells) were 
then removed for measurement of intracellular K + , Na + , or CP at zero time. The rest 
of the isosmotic suspension was divided in half and both halves centrifuged at 3000 
X g for 5 min. The supernatants were aspirated and the cells resuspended in either 
isosmotic or hypoosmotic media and sampled at intervals. At each sampling time, 
triplicate 0.2 ml aliquots (approximately 1-8 X 10 6 cells) were removed from the 
experimental cell suspension for the measurement of intracellular K + , Na + , or Cl . 

Intracellular K f was measured by the method of Costa and Pierce (1983). The 0.2 
ml aliquot of cell suspension was layered onto 0.1 ml of silicone oil (Wm. F. Nye, 
Inc., New Bedford, MA 02742, USA) which had been layered over 0.1 ml of 25% 
glycerol. This preparation was then centrifuged at 3000 X g for 3 min (Beckman 
Microfuge II) which pelleted the cells through the oil into the glycerol where they 
lysed. The experimental medium remained on top of the oil. After the medium and 
oil layers were aspirated, the glycerol phase containing lysed erythrocytes was pre¬ 
pared for K + measurement using atomic absorption spectroscopy (Perkin-Elmer 
model 560). 

The amount of medium carried with the cells as they moved through the oil into 
the glycerol was determined for parallel replicates of cell suspension by the method 
of Freel et al. (1973) using 14 C-PEG as an extracellular space marker. The K + content 
of the trapped medium (usually about 1% of the total cell pellet K + ) was subtracted 
from the K + content of the glycerinated cell pellet to yield intracellular K + . 

Intracellular Na + was measured using the same technique described above for K + , 
except that the trapped volume was measured directly for each sample instead of for 
parallel replicates. Since ASW Na + concentrations are high, the Na + level of the 
trapped medium could account for up to 60% of total cell pellet Na + . After the cells 
had been sampled as described above, the medium and oil layers were aspirated, 
and an additional 0.1 ml of 25% glycerol was added to the cell pellet. This glycerol 
suspension was homogenized, and 0.05 ml was removed for trapped volume estima¬ 
tion. The remaining 0.15 ml was used to measure cellular Na + content by atomic 
absorption spectroscopy. 

The technique for determining intracellular Cl was identical to that used for Na + , 
except that CP was measured by amperometric titration (Chloridometer, Buchler- 
Cotlove). 

Statistical differences in intracellular K + , Na + , and Cl“ content were determined 
using analysis of variance and the Student-Newman Kuels multiple range test. 

Results 

Noetia erythrocytes swell rapidly in hypoosmotic ASW, but within 10 min (P 
< 0.05) after hypoosmotic exposure they begin to recover towards their original vol¬ 
ume (Fig. 1). Although volume recovery continues for at least two hours after hypoos¬ 
motic exposure, very close to half of the volume decrease happens within 20 min of 
hypoosmotic exposure. 

Taurine efflux from Noetia erythrocytes in hypoosmotic media increases signifi¬ 
cantly during the volume regulatory period. However, most of the taurine efflux oc¬ 
curs between 10 and 60 min of hypoosmotic exposure (Fig. 2). 

There is no significant difference between the Na + content of isosmotic and hypo¬ 
osmotic cells over the duration of the two hour time course (Fig. 3a). However, intra¬ 
cellular K + decreases by about 15%, from 98 to 85 nmoles/10 6 cells within 10 min 
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Figure 1. Volume changes of Noetia ponderosa erythrocytes exposed to isosmotic (935 mosm) or 
hypoosmotic (560 mosm) ASW of varying Ca 2+ concentration. Vertical bars are ±1 standard error of the 
mean (S.E.M.). 
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Figure 2. Taurine efflux from Noetia ponderosa erythrocytes in isosmotic (935 mosm) and hypoos¬ 
motic (560 mosm) ASW. Vertical bars are ± 1 S.E.M. 
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TIME (min) 

Figure 3. Intracellular Na + (A), K + (B), and Cl (C) content of Noetia ponderosa erythrocytes in 
isosmotic (closed circles) and hypoosmotic (open circles) ASW. Vertical bars are ± 1 S.E.M. 


after hypoosmotic exposure, and little further decrease occurs subsequently (Fig. 3b). 
In addition, intracellular Cl decreases by 50% within 10 min of hypoosmotic expo¬ 
sure, from about 70 to 35 nmoles/10 6 cells (Fig. 3c). Thus, K + and Cl , but not Na + , 
leave Noetia erythrocytes after hypoosmotic exposure, and in contrast with the tau¬ 
rine efflux, this movement of intracellular ions begins immediately. The CF efflux 
from Noetia erythrocytes was only partially balanced by the K + loss. Thus, other 
cations besides K + (but not Na + ) must leave the clam erythrocyte during the early 
phase of volume recovery. 

In the absence of Ca 2+ , the volume regulation in response to hypoosmotic ASW 
is partially inhibited (Fig. 1). Cells in the hypoosmotic Ca 2+ -free medium recovered 
slightly less than half the volume of control cells in normal hypoosmotic medium. 
Ca 2+ lack did not affect the volume of erythrocytes in isosmotic ASW (Fig. 1). 

Isosmotic Ca 2+ -free ASW had no significant effect on cellular K + (Fig. 4a). More¬ 
over, the usual hypoosmotic effect on cellular K 4 content occurred whether or not 
Ca 2+ was present in the medium (Fig. 4a). The effect of Ca 2+ lack on intracellular 
CF content was similar in pattern to that of K + . The Cl content of the cells was 
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Figure 4. Intracellular K + (A) and Cl (B) content of Noetiaponderosa erythrocytes in control and 
Ca 2+ -free isosmotic (935 mosm) and hypoosmotic (560 mosm) ASW. Vertical bars are ± 1 S.E.M. 


altered only by the usual amounts in response to the osmotic stress, regardless of 
[Ca 2+ ] 0 (Fig. 4b). 

In contrast, taurine efflux from Noetia erythrocytes in Ca" + -free hypoosmotic 
ASW was significantly less than that of cells in hypoosmotic ASW after 60 and 120 
min (Fig. 5). A small yet significant efflux of taurine occurred from clam erythrocytes 
in Ca 2+ -free isosmotic ASW (Fig. 5). Therefore, taurine efflux was inhibited in Ca 2+ - 
free hypoosmotic ASW, while K 4 and Cl - effluxes were unchanged. 

Cell volume regulation by clam erythrocytes in media containing elevated Ca 24 
was potentiated (Fig. 1). Hypoosmotically stressed clam erythrocytes recovered to 
119% of initial cell volume in the presence of high Ca 24 , while the cells in hypoos¬ 
motic medium containing normal Ca 2+ recovered to only 129% of initial cell volume. 
No significant change in erythrocyte volume occurred upon exposure of the cells to 
isosmotic high Ca 2+ ASW. 

High Ca 2t had no effect on taurine efflux from clam erythrocytes in isosmotic 
ASW (Fig. 7) or on erythrocyte K + or C\ content in either hypoosmotic or isosmotic 
media (Fig. 6a, b). The usual decrease in intracellular K + and Cl within 10 min 
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Figure 5. Taurine efflux from Noetia ponderosa erythrocytes in normal (C) and Ca 2+ -free (CF) 
isosmotic (935 mosm) and hypoosmotic (560 mosm) ASW. Vertical bars are ±1 S.E.M. 


of exposure to hypoosmotic media (about 10 and 30 nmoles/10 6 cells, respectively) 
occurred in the presence of high Ca 2+ (Fig. 6a, b). In contrast, the taurine efflux from 
Noetia erythrocytes in high Ca 2+ hypoosmotic media was significantly greater, almost 
twice that of control cells (Fig. 7). 

Thus, both Ca 2+ -free hypoosmotic ASW and high-Ca 2 hypoosmotic ASW affect 
the volume regulation and taurine efflux, but not K + or CF efflux, from clam eryth¬ 
rocytes. 


Discussion 

Our results confirm our earlier report (Smith and Pierce, 1983) that cell volume 
regulation by Noetia erythrocytes in response to hypoosmotic conditions results from 
the efflux of both organic and inorganic osmolytes. Noetia erythrocytes use effluxes 
of K + , Cl , and amino acids to regulate cell volume during a hypoosmotic stress. The 
ion efflux occurs immediately in response to the stress while the efflux of taurine is 
delayed. Both cell volume regulation and taurine efflux are dependent on extracellu¬ 
lar [Ca 2+ ] but the ion efflux is not. Therefore, a mechanism is present which allows 
the two independent membrane permeability systems to produce a coordinated efflux 
of organic and inorganic osmolytes from Noetia erythrocytes. Both K + and Cl leave 
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Figure 6. Noetia pondewsa erythrocyte intracellular K + (A) and Cl (B) content in control and 
high Ca 2+ isosmotic (150 m U, 935 mosm) and hypoosmotic (90 m \/, 560 mosm) ASW. Vertical bars are 
±1 S.E.M. 


the Noetia erythrocytes immediately after the salinity stress while taurine concentra¬ 
tions do not change for many minutes. Thus, the two ions act alone as the osmolytes 
during the initial period of volume recovery. The amount of volume recovery result¬ 
ing from the ionic efflux may be substantial. We do not know the maximum volume 
attained by the Noetia cells, but it is likely that volume recovery is well underway at 
our first sampling interval (5 min) (see, for example, Costa et a!., 1980). Therefore, 
the initial stage of ionic efflux accounts for most of the volume recovery. 

The significance of a dual osmolyte efflux system is not yet clear, although it is 
not uncommon (Vislie, 1980; Costa and Pierce, 1983; Warren and Pierce, 1983; 
Moran and Pierce, 1984; Hoffman et aL 1984). The differences between the ionic 
and organic osmolyte effluxes may provide a clue. Although the inorganic osmolyte 
efflux from the Noetia cells occurred immediately in response to hypoosmotic expo¬ 
sure, the concentrations of the ions may not remain reduced. In at least one case, 
after the initial reduction, the intracellular ion concentration was partially restored 
as the organic components were reduced (Warren, 1982). On the other hand, while 
the efflux of organic osmolytes is initiated later in the response, no restoration of 
pre-stress concentrations occurs. Although the data are limited, they suggest that the 
organic osmolytes are not functioning as effectors in direct response to the osmotic 
stress, but rather as osmotic replacements as the ions arc regulated back to homeo¬ 
static levels. The organic osmolytes are kept at levels which produce cellular osmotic 
stabilization without the detrimental effects on cell functions that might be caused 
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Figure 7. Taurine efflux from Soetia ponderosa erythrocytes in control (C) and increased Ca 2+ 
(HC) isosmotic (150 m.U, 935 mosm) and hypoosmolic (90 m M, 560 mosm) ASW. Vertical bars are ±1 
S.E.M. 


by marked reduction in inorganic ion concentration. We are presently evaluating 
these ideas experimentally. 

Our results indicate that the Noetia erythrocyte displays the components of vol¬ 
ume regulation found among many other cell types. Rapid decreases of intracellular 
K + following hypoosmotic treatment occur in other invertebrate (Kevers et al ., 
1979a. b, 1981; Costa and Pierce, 1983; Moran and Pierce, 1984) and vertebrate 
(Kregenow, 1971;Cala, 1977; Cheung et al., 1982) cells. A hypoosmotically induced 
Cl" efflux concomitant with K + release occurs in crustacean axons (Kevers et al., 
1979b) and teleost erythrocytes (Lauf, 1982). CP loss is also associated with Na + 
efflux in Limulus myocardium (Warren and Pierce, 1982) and rat liver (van Rossum 
and Russo, 1984). Thus, the initial ionically based stage of hypoosmotic volume regu¬ 
lation in Noetia cells is qualitatively similar to the responses of many other cell types. 

The hypoosmotically induced Na + and Cl - effluxes from Limulus myocardium, 
like the ionic effluxes from Noetia blood cells, are unaffected by the absence of Ca 2+ 
(and Mg 2+ ) (Warren, 1982). However, the ionic components of the volume regulating 
systems of some other cell types are sensitive to the ambient level of Ca 2+ . For in¬ 
stance, the K + efflux from Glycera coelomocytes exposed to either isosmotic or hypo¬ 
osmotic Ca 2+ -free media is potentiated (Costa and Pierce, 1983). External Ca 2+ is 
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important in the regulation of K + efflux from vertebrate cells as well. For example, 
K + efflux from amphibian red blood cells was inhibited in Ca 2+ -free hypoosmotic 
media (Cala. 1983). Likewise, PC efflux and volume regulatory ability were impaired 
in Ehrlich ascites tumor cells (Hoffman et ai, 1984) and human lymphocytes 
(Grinstein, 1983) by Ca 2+ -free conditions. 

Both volume regulation and taurine efflux are inhibited in Noetia erythrocytes 
exposed to Ca 2+ -free hypoosmotic ASW, and both are potentiated in high Ca 2+ hypo- 
osmotic ASW. Similarly, cell volume regulation is inhibited by Ca 2+ -free hypoos¬ 
motic media in Callinectes axons (Gerard, 1975) and Glycera coelomocytes, although 
the FAA efflux from Glycera coelomocytes in divalent cation-free hypoosmotic me¬ 
dia is potentiated (Costa and Pierce. 1983). In summary, the Ca 2+ effects on volume 
recovery and the effluxes underlying it are not the same in every cell type. Ionic or 
organic osmolvtes may be effected by Ca 2+ change, but in the Noetia cells only the 
amino acid portion of the response is Ca 2+ sensitive. 

An additional aspect of Ca 2+ regulation is suggested by the small amount of tau¬ 
rine released from Noetia erythrocytes in the Ca 2+ -free isosmotic medium. A similar 
leak of amino acids occurred from Glycera coelomocytes in divalent cation-free isos¬ 
motic media (Costa and Pierce, 1983) and mussel ventricles (Pierce and Greenberg, 
1973). The increase in FAA permeability in Ca 2+ -free isosmotic media, in contrast 
to its decrease in hypoosmotic media, suggests that different Ca 2+ sensitive mecha¬ 
nisms exist for the control of membrane permeability at normal and lowered osmotic 
concentrations. The increased membrane permeability to taurine caused by Ca 2+ - 
free isosmotic media may be due to a lack of divalent cations that bind to and stabilize 
membranes (Lin and Macey. 1978; Papahadjopolous, 1978; Swinehart et ai , 1980). 
But in any case, Ca 2+ may have more than one action on osmolyte permeability 
depending upon the osmotic environment. 

In conclusion, the characteristics of the volume response of the Noetia cells and 
their similarity to those of other cell types suggests that the clam red blood cell will 
be an excellent model with which to examine further effects and the roles of Ca 2+ in 
the regulation of cell volume. 
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